Decreased heart rate variability (HRV) in critically ill patients indicates a poor prognosis. In heart failure patients, there is an elevated sympathetic tone, reflected by a dominance of sympathetic parameters in HRV, whereas in critically ill patients sympathetic and parasympathetic modulation of heart rate is attenuated despite increased catecholamine blood levels. Thus, autonomic dysfunction in the critically ill cannot be causally related to an impairment at the level of neural transmission, but may be due to a derangement of signal transduction at the effector cell level. On the basis of our working hypothesis that endotoxin may be involved in this blunting of effector cell response to nerval input, we studied the spontaneous beating of cardiomyocytes under the influence of endotoxin. Applying the clinically established indices of HRV to the analysis of beating rate variability (BRV) of neonatal rat cardiomyocytes in serum-free medium, a narrowing of their BRV by endotoxin is demonstrated. We propose that the narrowing of HRV in critically ill patients does not only reflect the altered input from the central or peripheral neurons, but rather a remodeling of the cardiac pacemaker cells by endotoxin and inflammatory mediators.
INTRODUCTION
Heart rate variability (HRV) is a valuable tool for risk stratification in patients after myocardial infarction, survived sudden cardiac death or in chronic heart failure. 1 The oscillations of heart rate, as expressed by HRV, have mainly been related to extrinsic (i.e. extracardiac and extracellular) influences like sympathetic or parasympathetic activation. 2 Humoral factors can influence HRV as well: infusion of endotoxin in healthy subjects causes an acute narrowing of HRV, 3 and disease entities with a severe inflammatory response (e.g. multiple organ dysfunction syndrome [MODS] , septic shock and septic cardiomyopathy) are coupled with a blunted HRV. While in heart failure patients the sympathetic parameters of HRV dominate, a fact, which can readily be explained by their elevated sympathetic tone, in critically ill patients sympathetic and parasympathetic modulation of heart rate is attenuated despite increased catecholamine blood levels. Thus, autonomic dysfunction alone might not be the central mechanism for impaired heart rate variability at the level of neural transmission. Other derangements of signal transduction at the effector cell level may also contribute to loss of heart rate variability.
Spontaneously beating cardiomyocytes in culture represent a model of beating rate variability (BRV) of pacemaker cells 4 and allow an insight into extrinsic and presumptive intrinsic influences (i.e. factors inherent to the pacemaker cell itself) on BRV.
The goal of the present study was to explore whether endotoxin in cardiodepressant concentrations 5 affects the BRV of cardiomyocytes in the absence of any nerval input.
MATERIALS AND METHODS

Preparation of monolayer cultures of spontaneously contracting neonatal cardiomyocytes from hearts of 1-3-day-old
Wistar rats was performed as described, 6 by repeated tissue incubations in 0.12% trypsin-0.03% collagenase-salt-solution (Ca 2+ -and Mg 2+ -free) at 37°C. Muscle cells were separated from non-muscle cells by the differential attachment technique. After 24 h, the cells having formed a monolayer and contracting spontaneously, the serum-supplemented medium was replaced by serum-free CMRL-1415-ATM containing 10 mmol/l HEPES, 5 µmol/l insulin, 0.4 µmol/l iron-saturated transferrin, 0.4 µmol/l bovine serum albumin, and 0.02 mg/ml tobramycin, pH 7.4 (serum-free CMRL-medium).
Spontaneous contractions of single cultured cardiomyocytes within the monolayers were monitored using an photo-electrical system. 6 The cells of each preparation were cultured in 6 flasks. The 3 control flasks were cultured without any additives and the endotoxin-group was incubated with endotoxin (1 µg/ml, Escherichia coli; Sigma L-3012, [Deisenhofen, Germany], chromatographically purified) for 24 h. The recordings were monitored after placing the flask into an incubation chamber at 37°C under the phase contrast microscope. One hundred pulsations of 6 cells per flask were analyzed and the raw data were visually inspected and artifacts excluded. The experimental data consist of recordings of 4 independent preparations, and 3 flasks per preparation and per group. Since 1800 contractions were recorded for each flask for each condition, 7200 beats were recorded and analysed in the control group and 7200 beats in the endotoxin-treated group. The parameters of HRV used for the analysis of ECG recordings were calculated as indicated in Table 1 .
Statistical analysis
Numerical data are given as mean ± SEM except where indicated otherwise. The Kolmogorov-Smirnov test was used to test for normal distribution of the data and, if required, data were log-transformed. The indicated values were compared using the unpaired Student's t-test as appropriate. For non-parametric analysis, the Mann-Whitney Utest was used. P-values < 0.05 were considered significant.
RESULTS
Endotoxin narrows parameters of the BRV
pNN50 and pNN30 were significantly reduced by endotoxin (Fig. 1) . The pNN50 values tended to decrease in each of the 4 preparations after administration of endotoxin (Fig. 2 ). This narrowing of the BRV is significant Proportion of consecutive beat-to-beat intervals differing more than 30 ms or 50 ms, respectively RMSSD ms Square root of the mean of the sum of the squares of differences between consecutive beat-to-beat intervals in two of the preparations when analysed individually and shows a strong trend in a third. The same pattern is seen with pNN30 values (Fig. 1) 
DISCUSSION
In vivo and in vitro effects of endotoxin on cardiac automaticity
Godin et al. 3 showed that intravenous administration of endotoxin in healthy subjects causes a loss of HRV. They proposed that this was a novel pathophysiological mechanism for the development of MODS, 3,7 a disease entity frequently resulting from cardiogenic or septic shock. It has been well established that endotoxin is elevated in septic patients. 8 Schmidt et al. 9 found a significantly narrowed HRV in MODS patients compared to healthy subjects. Goldstein and co-workers 10 were able to show a decreased HRV in rabbits during endotoxin shock.
In accordance with these effects of endotoxin on cardiac automaticity in vivo, we found that endotoxin in vitro causes a blunting of the oscillations of spontaneous beating of isolated cardiomyocytes.
Possible mechanisms underlying the decreased BRV
Ionic remodeling of pacemaker cells by endotoxin is a possible underlying mechanism for narrowed BRV. The spontaneously contracting neonatal rat cardiomyocytes, used in this study, have been very well characterized with respect to contractility, ionic channels, and expression of different proteins and mRNAs. 5, 6, 11 The spontaneous electrophysiological activity of pacemaker cells results mainly from the interaction of L-and T-type Ca 2+ currents and the hyperpolarization-activated inward current I f . 12 The resultant beating rate of a cell cluster is regulated by electrical communication of pacemaker cells via 'gap junctions'. 13 Thus, the spontaneous depolarisation is orchestrated by numerous current components and channels that may be subject to regulation. 14 The spontaneous activity of the cardiomyocytes in a cluster can be influenced by the autonomic nervous system because they express both β 1 -and α 1 -adrenoceptors and M 2 -and M 3 -cholinoceptors. 15 Uechi et al. 16 have shown that HRV is depressed in conscious transgenic mice with cardiac overexpression of stimulating G-protein α.
The action of endotoxin, in cardiodepressant but not cytotoxic concentrations, on the cardiomyocyte is complex. Cardiomyocytes have been shown to express the endotoxin receptor molecule CD14. 17 A central pathway by which it mediates deleterious, but also some beneficial, effects is the induction of TNF-α and an inducible NO-synthase. 5, 8 Several interferences between NO and determinants of the pacemaker activity have been found. 18 We hypothesize that endotoxin has an impact on gene expression and function of ionic channel molecules in terms of an ionic remodeling, resulting in the alteration of the BRV. Recently, an involvement of a potassium channel in endotoxin transmembrane signalling has been demonstrated. 19 Abi-Gerges et al. 20 revealed a decrease of the density of L-type calcium channels after in vivo injections of endotoxin in rats. Our group was able to show that CPS has a direct impact on the cardiac pacemaker current I f which may contribute to the clinically observed reduction in the HRV under septic conditions. 21 In vivo, heart rate variability of critically ill patients might be affected by the presence of plasma free fatty acids which might show an anti-arrhythmic effect in vivo. 22 
CONCLUSIONS
Incubation of cardiomyocytes with endotoxin in cardiodepressant concentrations causes a narrowing of the BRV of cardiomyocytes. These results demonstrate that not only neural mechanisms but also mechanisms of the effector cell level can contribute to alterations of HRV. We speculate that such effector-cell mechanisms may be important in the critically ill with cardiac disease and that therapeutic interventions aimed at the improvement of HRV might be of great interest.
